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Abstract

DNA barcoding has significantly revolutionized species identification and conservation efforts.
This review delves into the applications, challenges, and integration with other complementary
molecular and computational tools. High-throughput sequencing (HTS) has enabled the
recruitment of different genetic markers (Barcodes) such as cytochrome ¢ oxidasel (MT-CO1)
inanimals, ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (rbcL), and maturase
K (matK) in plants. Combining these markers with machine-learning algorithms, such as
random forests and Convolutional Neural Networks, has led to significant advancements in the
accuracy and efficiency of conservation efforts. DNAbarcoding has significantly improved our
biological knowledge by identifying cryptic species and resolving taxonomic issues. DNA
barcoding has been used in forensics, conservation, andagriculture. And also essential in food
identification and product authentication. In this critical era of biodiversity, further development
and application of DNA barcoding are crucial for creating effective conservation strategies. The
International Barcode of Life (iBOL) aims to standardize and expand DNA barcoding
databases, targeting the update of five million specimens from 500,000 species by 2026. The
Barcode of Life Data Systems (BOLD) has grown from 5,000 to over 10 million sequences
by 2021, demonstrating rapid progress. However, challenges persist, including the limited
taxonomic and geographical coverage. Moreover, this scope raises ethical concerns, including
biopiracy, which the Nagoya Protocol addresses by emphasizing responsible scientific
progress.
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DNA barcoding helps to identify species in  products authentication. It also aids in forensic
ecosystems and has many applications. investigations and biodiversity  surveys.
Scientists have recruited it in ecology, evolution,  Advancements in DNA barcoding methods, such
conservation, sample identifications, and as mini-barcodes and multispecies
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coalescent species delimitation, have enhanced
their utility. DNA barcoding is a fast and reliable
tool for species identification, taxonomic
classification, biodiversity studies, molecular
ecology, and population genetics research (Che
et al., 2012; Fasullo & Dolan, 2022). DNA
barcoding allows for astandard and effective
identification of species in different organisms
and ecosystems (Fasullo & Dolan, 2022; Y. Liu
et al., 2021; Vences, Miralles, & DeSalle, 2024).
DNA barcoding has been used in other
applications, such as studying toxicological
effects, tracking cell lineages, high-throughput
screening for biomolecules, differentiation
among plant species, and finding agriculturally
important insects (Sapci Selamoglu, 2022;
Vuataz et al., 2024). Moreover, DNA barcoding
can distinguish between closely related species
and map the spread of plant roots when studying
invasive plants (Gostel & Kress, 2022; Nath et
al., 2024).

DNA barcoding is a simple method for
identifying organisms using short standardized
DNA segments (P. D. Hebert et al., 2003). It
utilizes an organism's DNA sequence, similar to
how a supermarket scanner reads an item's
barcode, thus making each species unique
(Hollingsworth, Graham, & Little, 2011).
Usually, the barcode region varies between 400
to 800 base pairs long (Kress, 2017). Samples
come from many types of specimens found in the
wild and could be collected from museums, zoos,
gardens, and seed banks (Schindel & Miller,
2005). Once the barcode sequence is ready, it can
be stored in a database of the reference
sequences. It works as a specimen collection
number but identifies the species found by the
researcher (S. Ratnasingham & P. D. N. Hebert,
2007). DNA barcoding can speed up the
identification of known species and help describe
new species (Packer, Gibbs, Sheffield, &
Hanner, 2009; Valentini, Pompanon, & Taberlet,
2009).

DNA Barcoding was first introduced by
Herbert et al.(P. D. Hebert, A. Cywinska, S. L.
Ball, & J. R. deWaard, 2003), who recruited
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a standardized DNA region for species
identification. Herbert proposed using the
mitochondrial gene, cytochrome c oxidase |
(MT-CO1), as a DNA barcode for animal
identification. This gene was chosen because it
evolves slowly within species but quickly
enough between species, making it suitable for
species-level identification in many animal taxa.
DNA barcoding aims to resolve the challenges
faced in traditional taxonomy. Morphology-
based identification is considered time-
consuming and requires expert knowledge and
high experience. DNA barcoding is a faster,
more reliable, and more accurate method for
species identification (Hobern, 2021; A.
Miralles, N. Puillandre, & M. Vences, 2024).
DNA barcoding faced significant challenges and
criticisms, particularly regarding plant and
fungal identification, early criticisms highlighted
the limitations of plant and fungal
identification using the universal COI gene. To
address these limitations, researchers have
adapted a combination of chloroplast candidate
regions as barcodes for plants (plastid rbcL,
matK, and trnH-psbA) along with nuclear
internal transcribed spacer ITS (Bammer et al.,
2020; Guo, Yuan, Tao, Cai, & Zhang, 2022;
Kang, Deng, Zang, & Long, 2017; Kress, 2017),
while nuclear ITS was recruited in fungi (Duan,
Wang, Zeng, Guo, & Zhou, 2019; Mahmoud &
Zaher, 2015). These efforts not only proposed a
solution for the plant and fungal identification
dilemma but also introduced a reform to the
original approach. However, adopting new DNA
segments as barcodes adds complexity to the
standardization efforts (Fazekas et al., 2009;
Spooner, 2009). Although there are differences
in the choice of target DNA markers among
researchers and challenges in generating
barcodes for some taxa, DNA barcoding has
become a standard identification tool, enabling
the identification of many unidentified or cryptic
species (China Plant et al., 2011).

In 2004, the Consortium for the Barcode of
Life (CBOL) was launched as an international
organization focused on
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developing DNA barcoding as a global
taxonomy standard, fostering a research
alliance among more than 120 organizations
from 45 countries (Marshall, 2005). The vast
amount of data  generated  from this
collaboration led to the development of the
Barcode of Life Data System (BOLD) (S.
Ratnasingham & P. D. Hebert, 2007). BOLD is a
publicly accessible  database  system that
efficiently compiles sequences that meet the
standards required for designating barcodes in a
global sequence library (Figure 1). This allows
researchers to acquire barcodes and compare
them with sequences from unidentified samples,
thereby facilitating the identification of new
species, and supporting the storage and
dissemination of DNA Barcodes.
BOLD currently houses more than 12 million
DNA Barcodes (Ratnasingham, Wei, Chan,
Agda, Agda, Ballesteros-Mejia, Boutou, EIl
Bastami, Ma, Manjunath, et al., 2024; Sujeevan
& Hebert, 2007). Recent advancesin high-
throughput sequencing (HTS) technologies have
enhanced the power of DNA
barcoding. According to the BOLD website, this
public record database has published more than
two million COI Sequence records from BOLD
and GenBank, representing more than
50,000 confirmed species, along with a total of
more than 60,000 Interim Species (S.
Ratnasingham & P. D. N. Hebert, 2007; Stoeckle
& Hebert, 2008; Sujeevan & Hebert, 2007). This
indicates the emergence of a revolutionary
taxonomic approach, which has gained
significant traction in the field of taxonomy. In
addition to taxonomic research using DNA
barcoding  technology, DNA barcoding
applications have been expanded to fields such
as pest control, bio-management, and
biosecurity. This development is driven by the
need for rapid, accurate, and efficient species
identification, which is critical in these
fields (Thiele et al., 2021; Vernygora, Sperling,
& Dupuis, 2024).

Additionally, metabarcoding, which allows the
simultaneous identification of multiple species
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from complex environmental samples, has
enhanced biodiversity and biomonitoring
studies. Metabarcoding can provide a more
comprehensive assessment of ecosystems, which
is important for measuring the impact of climate
change and habitat degradation. Metabarcoding
along with HTS technology has improved the
study of the genomic parts of entire communities
in complex environmental samples, helping
biodiversity —and  biomonitoring  studies
(McDonald et al., 2023; Aurélien Miralles,
Nicolas Puillandre, & Miguel Vences, 2024).
Given the current threats to biodiversity and high
rates of extinction, such ecological studies are
important for measuring the impacts of climate
change, habitat loss, and ecosystem management
and restoration (Belwal & Jadeja, 2024; Onoh,
Ogunade, Owoeye, Awakessien, & Asomah,
2024; Wang et al., 2024). For instance, in
biomonitoring and bioassessment programs,
accurate and consistent taxon identification in
bulk samples is vital for providing the data
needed to make management decisions and
protocols. However, traditional monitoring
procedures cannot effectively provide the data
required for such decisions (Dallas, 2021,
Simaika et al., 2024). Metabarcoding finds more
taxa per sample than the traditional sampling
methods and accurately describes changes in
community composition, improving the ability to
detect ecosystem changes and dynamics and
make decisions and protocols accordingly
(Ngrgaard et al., 2021; Tsuji et al., 2022)

DNA sequencing and metabarcoding are new
methods for studying biodiversity and for
improving biomonitoring. However, these
methods have significant drawbacks and
controversies that require further investigation.
One issue is overconfidence in the data due to
reliance on these technologies. Metabarcoding is
biased by PCR amplification, sequencing errors,
and possible non-target amplification. This can
lead to incorrect results and misinterpretations of
the community composition (Shelton et al.,
2023). For example, rare taxa may go unnoticed
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or be misidentified, making it difficult toevaluate
ecological health.
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Figure 1. Overview of the DNA Barcode
Database Workflow.

Another problem is that molecular analysis
alone rarely captures the complexity of
ecological systems. Many factors besides
genomics affect biodiversity, including species
interactions, life history, and environmental
variability (Hakimzadeh et al., 2024). Although
limited, traditional methods can provide valuable
information through ecological knowledge,
historical data, and thorough assessments, which
molecular techniques may overshadow. Thus, a
full picture of ecosystem health often requires
combining traditional methods and molecular
techniques, rather than relying on a single
approach.

Practical challenges such as cost, access to
technology, and the need for specialized skills to
analyze genomic data also limit the widespread
adoption of metabarcoding, especially in
resource-limited settings (Keck et al., 2022).
Without proper training and infrastructure, there
is the risk of misapplying the technique or
misinterpreting the results, leading to misguided
conservation efforts. In  summary, DNA
sequencing and metabarcoding have
significantly improved biodiversity studies.
However, relying solely on these new techniques
without considering ecological nuances or
integrating older methods would overlook
crucial insights, bias data interpretation, and
complicate  biodiversity management and
conservation. Therefore, care is required in
understanding how these technologies are
viewed and used in ecological research and
biodiversity monitoring.
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New sequencing platforms offer faster results
and lower costs. This allowed iBOL to start the
seven-year BIOSCAN program
(https://ibol.org/programs/bioscan/ ). Through
an international partnership, BIOSCAN aims to
create a barcode reference library for more than
two million species from 2019 to 2026 (De-
Kayne et al., 2021; de Medeiros et al., 2024;
Satam et al., 2023). Barcode reference libraries
will grow significantly, and metabarcoding of
these specimens will provide useful data on
thousands of ecosystems worldwide, and on the
interactions between thousands of organisms
within  them. Metabarcoding and HTS
technologies were initially considered threats to
the barcoding approach (de Medeiros et al.,
2024; R. Gwiazdowski, 2024). However, they
also add value to the DNA barcoding.

DeSalle and Goldstein reviewed more than
3,700 peer-reviewed articles on DNA barcoding,
published between 2003 and 2018. These studies
have shown that DNA barcoding is useful in
taxonomic studies. Their work predicted the
wide use of DNA barcoding in future taxonomic
research, highlighting diversity as a key idea and
practice (DeSalle & Goldstein, 2019). Hebert et
al. (2023) reported a strong increase in yearly
DNA barcoding publications across various
scientific journals, emphasizing the growing
impact and the global use of this technique. Their
analysis showed steady growth in research
output, indicating the method's increasing
influence in different areas of biology. Despite
their widespread use, DNA barcoding poses
several challenges. These include the need to
expand reference libraries, technical issues with
PCR amplification and sequence analysis,
problems with preserving and interpreting
variation between species, and ethical concerns
regarding the privacy and ownership of genetic
data. These challenges suggest that DNA
barcoding requires further investigation. Future
research should focus on improving DNA
barcoding methods and applications (P. D. N.
Hebert et al., 2018).

DNA barcoding which had likely started as a
short-term solution to overcome technical
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limitations when it was first proposed evolved to
amodern molecular tool for various scientific uses
(P. D. N. Hebert, A. Cywinska, S. L. Ball, & J. R.
DeWaard, 2003). DNA barcoding allows
for quick identification  and listing of  many
different species. It is a useful tool that can greatly
improve taxonomy for biodiversity conservation
(P. D. N. Hebert et al., 2018). This review aims
to enhance understanding of DNA barcoding
while evaluating its current status and potential
uses. We examined the successes and challenges
found in the existing research to guide future work

in this field (Pentinsaari, Ratnasingham, Miller,
& Hebert, 2020). We identified knowledge
gaps, including the need to improve DNA-
barcoding techniques. Some upcoming uses of
DNA barcoding include checking
environmental health, identifying invasive
species, and testing food authenticity. In the
future, molecular taxonomy may be combined
with other technologies, such as blockchain for
secure data management and artificial
intelligence, to further automate the analysis.

Table 1. SWOT analysis provides guidelines for internal and external factors that influence the
potential of DNA barcoding. It should be highlighted that successful DNA barcoding relies on
overcoming weaknesses and exploiting opportunities for further improvement and application.

Strengths

Weaknesses

1. Robust Precision in Various Conditions: DNA barcoding
has been proven to be highly accurate in the face of even the
most extreme environmental conditions.

1. Addressing Limited Species Coverage: This limitation will
continue to be mitigated properly by expanding large-coverage
reference databases.

2. Rapid Species Identification: The technique can rapidly
identify species, useful in rapid cases of ecological studies or
conservation activity.

2. Technical Constraints Overcome: Scientists are constantly trying
to resolve technical constraints; ongoing research on the
improvement of PCR amplification, sequencing, raw data
processing and Data Deposition in GenBank.

3. Integral Biodiversity Conservation Tool: The utility of
Biodiversity assessment and conservation exercise is proven
at the global base, becoming a valuable parameter for global
Conservation strategies.

3. Inter-Species Variation Management: Different approaches to
address the problems posed by inter-species variation must be
severely promoted, especially the utility of DNA barcoding.

4. Automated Processes Increasing Efficiency:
Advancements allow automation, which increases the
efficiency of large-scale analyses, decreases human error,
and facilitates faster results.

4. Research Work in providing cost-effective alternatives and
infrastructural solutions for delivering more access, and databases.

5. Progress Towards Standardization: There are now active
efforts to standardize protocols, hence making even very
different studies comparable.

5. Ethical considerations and solutions: Provisions are made to
recognize ethical concerns, and discussions on issues of privacy and
ownership are carried out as an integral part of good research
practices to ensure responsible use.

Opportunities

Threats

1. Technology integration innovations: Building over and
adding value to the DNA barcoding capacity through the
leverage of high throughput technologies like Next
Generation Sequencing.

1. Legal and Ethical Landscape: Negotiating future legal challenges
and living up to the expectations of ever-changing ethical standards
on responsible use.

2. Case Studies of Successful Integration: Specific details of
examples of successful integrations conducted with other
technologies to demonstrate possible advancements.

2. Data Security Protocols: Robust data security and keeping
abreast of technological development to secure the information for
genetic studies.

3. Global Database Expansion: Develop global reference
databases for complete expansion together to support
accurate species identification employing genetic diversity
libraries.

3. Consequences of Misidentification: Real examples of
consequences deriving from misidentification, underlining the
importance of having correct reference databases.

4. Targeted Educational Strategies: Develop and deliver
relevant and suitable educational and awareness programs
targeted at researchers, policymakers, and the public to
promote greater acceptability and appreciation.

4. Dynamic Technology Landscape: Keep tracking new technologies
and their possible impact on DNA barcoding; be flexible as technology
evolves.

5. Examples of Environmental Monitoring Projects that
have Applied DNA Barcoding to Good Effect,
Exemplifying Potential Impact.

5. Creative Funding Mechanisms: Creative ways of acquiring funds
and innovative models to beat resource constraints for the
sustenance of the search.
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2. Methodology:

DNA barcoding has become an effective
method for species identification, using short and
specific DNA sequences (P. D. N. Hebert et al.,
2018). The DNA barcoding process involves
several important steps as shown in Figure 2,
that are necessary to correctly identify a species
(Bohmann et al., 2022). Research begins with the
collection and storage of samples, which varies
according to the type of organism. Appropriate
storage methods are crucial, whether using
ethanol, silica gel, or freezing to keep the
DNA intact (Srivathsan, Nagarajan, & Meier,
2019). DNA extraction follows specific steps,
depending on the sample type and target
organism (Kristy Deiner et al., 2017).
Common methods include CTAB extraction and
phenol-chloroform purification, and
many ready-made kits are available (Anslan et
al., 2021). The quality and amount of extracted
DNA greatly affect the success of later steps in
the barcoding process (Braukmann et al., 2019).
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Figure 2. Schematic illustration of DNA
barcoding from DNA isolation of the species
under investigation to DNA extraction, PCR
amplification of the barcoding locus, DNA
sequencing for the DNA barcodes, data analysis,
establishing the phylogenetic tree, species
identification, and finally reaching the DNA
barcode library. The image was created using
Biorender.com.

The next critical step is PCR amplification of
the target gene region

Primer selection is based on their effectiveness
across multiple species, how specific they are,
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and the length of the DNA that should be
amplified. Mitochondrial genes are frequently
used to generate DNA barcodes in animals. This
gene is useful because it varies significantly
between animal species. In plants, scientists
typically use a mix of chloroplast genes, rbcL
and matK, along with the nuclear internal
transcribed (ITS) spacer region (Che et al.,
2012). Fungal studies often use internal
transcribed spacer (ITS) regions (Xu, 2016). The
process of DNA amplification often requires
optimization of PCR conditions; Researchers
may need to adjust annealing temperature and the
number of cycles for different groups of
organisms during amplification experiments.
Sanger sequencing is often used for single
specimens. Newer sequencing technologies have
improved this step through the rapid processing
of multiple samples. It is important to verify the
quality of the sequence data at this stage (Fasullo
& Dolan, 2022).

Computer software is recruited to clean up
the sequences by trimming noisy sequences at
the beginning and end of the chromatograms,
removing low-quality sections, and eliminating
mixed  sequences.  Obtained  sequences
(recommended not less than 400 bases) should be
compared (aligned) with other sequences
deposited earlier in a reference database, such as
BOLD or NCBI nucleotide Entrez/GenBank,
along with local alignment tools, such as NCBI
BLAST. To assign species names, methods
based on either genetic distance or character-
based are recruited to draw phylogenetic
evolutionary trees (Gao, Liu, Wang, Wei, & Han,
2019; Gostel & Kress, 2022). Finally,
researchers examined the data verified their
accuracy, and carefully checked how well the
sequences matched, and where they fit into the
tree of life as either identified species or newly
recognized species. Taking into consideration
where the species lives, its environment, and, if
possible, its physical features, or other genetic
data. The quality of species identification
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depends on the completeness and accuracy of the
selected reference databases.

The quality of the reference databases is
very important. These databases require the
identification of specimens by experts (based on
classical taxonomical methods). Scientists are
working to add more species and improve how
they organize and standardize the data. They
have also developed new ways to identify
species using the distances between DNA
sequences, specific DNA features, and computer
programs that can learn patterns (Joly et al.,
2014; Lahaye et al., 2008).

Therefore, it is important to choose
databases with ahigher number of entries,
ensuring updating databases by depositing more
sequences related to species from different
groups and locations to these databases (Jalali,
Ojha, & Venkatesan, 2015).

Although DNA barcoding techniques have
significantly improved in recent years, some
challenges persist. Selecting appropriate DNA
regions for barcoding has been straightforward
for many taxonomic groups. However, for
certain groups such as protists, identifying
universal DNA regions that work effectively
across all species remains challenging. When
designing and choosing primers, researchers
must balance between them, to work with many
species, while still being species-specific. They
often use primers that are designed to target
conserved sequences and can be slightly changed
to match different target sequences. Researchers
have created shorter barcodes for old or
processed materials with damaged DNA (Joly et
al., 2014).

In addition, Species can mix their DNA by
breeding or by sharing genes over time. In newly
split species, the DNA may not be sufficiently
different. Some organisms have additional sets
of chromosomes or mtDNA types within an
individual. These issues make it difficult to
distinguish between species by using DNA
barcodes alone. Therefore, scientists often need
to use other methods in addition to DNA
barcoding (J. Liuetal., 2017; Y. Liuetal., 2021).
Recent improvements have led to improvements
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in DNA-barcoding techniques. New sequencing
methods can be used to analyze more samples
faster and cheaper. This allows scientists to study
multiple DNA  markers in  complex
environmental samples routinely  (Lyons,
Sheridan, Tremmel, Miyano, & Sugano, 2017).
New technologies that can read longer DNA
sequences can assist with full-length barcodes or
multiple regions of the DNA. This could provide
better results for hard-to-analyze groups.
Portable sequencing devices allow for DNA
barcoding in the field; however, data quality and
analysis remain challenging (Parveen, Gafner,
Techen, Murch, & Khan, 2016).

Environmental DNA barcoding has
significantly increased in recent years. Special
methods are used to collect and extract DNA,
considering how it breaks down in the
environment. Scientists have combined DNA
barcoding with whole-genome sequencing. This
opens new avenues for exploring different DNA
regions for barcoding (Shokralla et al., 2014).
Although the basic concept of DNA barcoding
remains the same, ongoing technological
improvements make it more accurate, efficient,
and useful for different groups of organisms and
sample types. Many scientists believe that DNA
barcoding is a key technique for studying species
and biodiversity. As it combines new sequencing
technologies and computer tools, its importance
is likely to grow (Shokralla, Spall, Gibson, &
Hajibabaei, 2012).

Since its discovery, the application of
DNA barcoding has increased, and this technique
has changed many areas of biological research
and applications. This paper describes recent
developments in these areas and their
implications for molecular biologists, ecologists,
and other professionals (Bezeng et al., 2017).

DNA barcoding has significantly
improved biodiversity and conservation. The
ability to quickly determine the identity of a
species has transformed our capacity to catalog
and monitor biodiversity. For example, a study
of tropical arthropods (such as insects and
spiders) using DNA barcoding showed that
looking at physical features alone missed

Evolutionary Studies in Imaginative Culture
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approximately 40% of the species (P. D. N.
Hebert et al., 2003). In oceans, DNA barcoding
projects around the world have identified many
new fish species, quickly adding to our
knowledge of marine life (Bhattacharya et al.,
2016; Ghosh, Bankura, & Das, 2016;
Radulovici, Archambault, & Dufresne, 2010).

Research on environmental DNA (eDNA)
has advanced the field of biodiversity
monitoring. Deineretal. (K. Deineretal., 2017),
found that eDNA metabarcoding detected 44%
more species in river systems than traditional
kick-net sampling. This non-invasive approach
is useful for monitoring endangered species.
Using only water samples, researchers have
detected the presence of endangered Yangtze
finless porpoises (Lim et al., 2016; Tolley-
Jordan, Chadwick, & Triplett, 2023). DNA
barcoding has contributed significantly to the
field of conservation biology. Large surveys
have identified new biodiversity hotspots, thus
informing conservation strategies. This enhances
authentication in herbal medicines and
contributes to plant conservation. 59% of the
tested herbal products contained DNA barcodes
for plant species that were not listed on their
labels. Some of these plants are endangered
(Kress, Garcia-Robledo, Uriarte, & Erickson,
2015; Newmaster, Grguric, Shanmughanandhan,
Ramalingam, & Ragupathy, 2013).

DNA barcoding has also improved the
forensics of wildlife crime. DNA barcoding
helps identify illegal wildlife products and
increases conviction rates for wildlife trafficking
(Arenas et al., 2017; Elkins & Zeller, 2021).

A global survey using DNA barcoding detected
mislabeling of 30% of seafood samples; as such,
tighter regulations have been followed in many
countries (Pardo et al., 2018). DNA barcoding
benefits from its integration with high-
throughput sequencing techniques. The Earth
BioGenome Project aims to sequence all the
known eukaryotic species. Lewin et al. state that
DNA barcoding plays a key role. This large
database provides new views of evolution and
interspecies interactions (Antil et al., 2023; A.
David, J. Deepa Arul Priya, & A. Gautam, 2024).

DNA barcoding aids in agriculture by
revealing complex pest-species interactions. This
study identified cryptic cotton pest species (Chac
& Thinh, 2023), which will facilitate the
development of targeted pest strategies. In
paleoecology, sediment core DNA barcoding
reconstructs paleoecosystems and provides
critical data to understand the long-term impacts
of climate change (Gvozdenac, Dedi¢, Miki¢,
Ovuka, & Miladinovi¢, 2022).

CRISPR-based techniques have recently
offered highly specific genetic detection (Li,
Wang, Xu, Wang, & Yang, 2023). Gootenberg et
al. (2017) developed SHERLOCK, which detects
specific genetic sequences with a single-base
precision. This improves disease diagnostics and
environmental monitoring (Gootenberg et al.,
2017). Metabarcoding in microbial ecology has
shown that soil biodiversity is several orders of
magnitude higher than previously estimated,
improving our understanding of ecosystem
functions (Abdelfattah, Malacrino, Wisniewski,
Cacciola, & Schena, 2018; Ngrgaard et al.,
2021).

Table 2. A Comprehensive Overview of DNA Barcoding: Applications, Advantages, and
Challenges. This table shows the diverse applications of DNA barcoding, highlighting its use in
species identification, forensics, conservation, and agriculture. It addresses challenges, such as

intraspecific variations, hybridization, database limitations, and ethical considerations, along with
opportunities for innovation.

Application Description Advantages Challenges References
Species Utilized for discerning and - Precision in species - Reliance on (Hebert,
Identification and categorizing species with identification comprehensive Ratnasingham
Delimitation unparalleled precision, - Valuable for reference databases etal. 2016)
particularly in ecological and ecologicaland - Debates on protocol
evolutionary studies. evolutionary studies standardization
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Forensic Science This would be a strong tool in | - This improves the toolkit - It does, however, raise | (Hefetz 2023)
identifying biological samples | available to be used within ethical concerns in
for forensic purposes to aid in | the forensic area for species forensic applications
criminal investigations. identification from trace
evidence but is dependent
on completeness of the
database.
Monitoring and It enriches conservation - Noninvasive biodiversity - Database (Deiner, Bik
Conservation of efforts by allowing for species | surveying and detection of limitationsin certain etal. 2017,
Endangered detection without being species taxonomic groups Deiner, Bik et
Species invasive. demonstrated its - Potential al. 2017)
power in the surveying of misidentifications in
biodiversity in challenging databases
environments.
Agricultural and The system does not only This technology ensures - Need for (Fanzo 2015)
Food Industry limit to the identification but proper tracking in the entire comprehensive
Applications can assure quality control in supply chain. reference libraries
the agro and food industry - Ethical concerns
sector. related to food sourcing

Species Identification and Delimitation
Forensic Science:
DNA barcoding is an effective tool for
identifying biological evidence in forensics
studies. The use of DNA barcoding to clarify
criminal investigations by identifying species
trace evidence. Generally, the traceability of the
origin of biological materials maximizes the
forensic toolkit and enhances tools for use in
unraveling complex cases (Elkins & Zeller,
2021; Hefetz, 2023). The development of DNA
barcoding has allowed for new methods and
databases to instantiate it for higher levels of
accuracy and efficiency. DNA barcoding has
been combined with other forensic techniques,
such as traditional DNA fingerprinting and
microscopy, to obtain an inclusive picture of the
crime scene (Arenas et al., 2017; Shadrin, 2021).
Monitoring and conserving endangered
species

In general, DNA barcoding has enriched the
face of landscapes regarding major-scale
conservation, especially since the
implementation of species surveillance and the
preservation of landscapes of concern. A good
example of such research has pointed out that
DNA barcoding facilitates non-invasive species
detection by presenting a powerful tool for
biodiversity  monitoring  in  challenging
environments. Therefore, biodiversity
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conservation plays a significant role in DNA
barcoding, even as habitats continue to be under
pressure from anthropogenic activities (Chac &
Thinh, 2023).

Biodiversity is under severe pressure from
anthropogenic habitat loss, pollution, and climate
change, which have pushed a significant number
of species to extinction. DNA barcoding is a
central step in this context (Pfenning-
Butterworth et al., 2024). In addition to
identifying threats by detecting early signs of
population decline, it also monitors the
effectiveness of conservation, which enables
readjustments in strategies, as needed. By
prioritizing resources, DNA barcoding directs
efforts toward the species and habitats that are
most in need. DNA barcoding in conservation
does indeed seem to be set to achieve much with
improved technologies and analytical methods
that increase accuracy, speed, and decreases
costs (Zhu, Liu, Qiu, Dai, & Gao, 2022).
Integrative approaches that couple DNA
barcoding with tools such as remote sensing,
citizen science, and habitat restoration will also
emerge to foster comprehensive conservation
programs (Sheth & Thaker, 2017).

Agricultural and Food Industry Applications

Beyond mere identification, DNA
barcoding has gone to the extent of providing a
linchpin for quality control and traceability in
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and food sectors. Recent examples, including
those of Bhattacharya et al. (Bhattacharya et al.,
2016), have shown that DNA barcoding ensures
the authenticity of food products with extreme
accuracy across the entire supply chain, thereby
protecting consumers from fraud. Such uses
resonate with growing demand to ensure
transparency in sourcing and safety.

DNA barcoding has radically changed the
food industry by making it more open and
traceable, and giving consumers the right
decision-making power over their purchases. It
play a critical role in enhancing food safety by
preventing fraudulent activities and ensuring that
products are authentic and contamination-free
(Shokralla, Hellberg, Handy, King, &
Hajibabaei, 2015). DNA barcoding facilitates
efficient monitoring and tracking; hence, robust
supply chain management provides better quality
control and risk-mitigation measures (Shokralla
et al., 2015). When there is growing awareness
among consumers, the demand for transparency
in food production and sourcing is also
increasing. As food safety and traceability
become priorities, the need for regulatory bodies
to adopt technologies such as DNA barcoding
will continue to increase (Shokralla et al., 2015).
In the future, DNA barcoding will continue to be
used to examine the use of food additives, and
contaminant. This will be further merged with
blockchain and sensor networks for end-to-end
food-tracing systems. In conclusion, DNA
barcoding plays a central role in the
transformation of agricultural and food
industries to ensure trust, safety, and
accountability in food systems (Parveen et al.,
2016; Shokralla et al., 2015).

Opinion and Insights:

Recognizing the advantages of DNA barcoding
across a spectrum of applications enables us to
move through some of the subtleties involved.
Relying on DNA sequences, the availability of
large reference databases is limited when such
databases do not exist or are only partially
available. Further debate exists regarding the
standardization of protocols, and strong efforts
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by representatives of the scientific community
are required to establish uniform practices that
lead to reproducibility.

In short, the revelation of the potential for
DNA-barcoding cracks opens a horizon that is
replete with opportunities. Therefore, this review
aims to identify recent scientific discoveries in as
much detail as possible and shed light on the
applications of this technique in species
identification, forensic science, conservation,
and the agricultural sector. As revealed in the
intricate realm of DNA barcoding, a monumental
tap on the back is due to acknowledgment of its
shortcomings.

4. Challenges:

Although DNA barcoding is a promising tool
for species identification that utilizes 600-800
base pair of cytochrome oxidase | as a
mitochondrial gene to identify species (Imtiaz,
Nor, & Naim, 2017). Several challenges must be
addressed to ensure effective implementation.
Intraspecific and intragenomic variation is
considered a major challenge because variations
within species and multiple copies of barcode
regions within an individual's genome can
complicate accurate identification (Imtiaz et al.,
2017; Mishra, Sharma, Das, Pande, & Singh,
2021). Thus, hybridization and introgression
complicate DNA barcoding, particularly in the
case of interspecific hybrids with gene flow
between taxa. Accurate interpretation requires
advanced analytical tools. Notably, more
advanced analytical tools are required to correct
DNA barcoding results. Some studies have
highlighted the need for intragenomic variation-
based considerations to achieve accurate species
delimitation and phylogenetic analysis (Figure
3). Although the internal transcribed spacer
region of nuclear ribosomal DNA is a common
marker in DNA barcoding, its utility may be
influenced by intragenomic variation (Kuzmina
et al., 2017; Mishra et al.,, 2021; Paloi,
Mhuantong, Luangsa-Ard, & Kobmoo, 2021).
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Figure 3. Phylogenetic Tree Construction from
DNA Barcode Sequences.

Intraspecific and intragenomic variation
Although DNA barcoding is particularly adept
at distinguishing between species, it is
problematic to consider within-species and
within-genome variabilities. There will certainly
be variations within any species, and within an
individual’s genome, there may be more than
one copy of a particular barcode region (Astrin
et al., 2016; Raupach, Rulik, & Spelda, 2022).
For example, Raupach et al. There is a delicate
balance between the need for species specificity
and inherent genetic diversity within populations
(Raupach et al., 2022). However, according to
Astrin et al., in some insect species, the
intraspecific variation in the COI gene may be as
high as 3%, which may lead to misidentification.
Several researchers have suggested that this can
be overcome using multiple barcoding regions
(Astrin et al., 2016). For instance, Osman et al.
showed improved resolution at the species level
for plants when the standard markers rbcL and
matK were combined with the intergenic spacer
trnH-psbA (Osman, 2024).

Hybridization and Introgression

Simple hybridization and introgression are
sometimes sufficiently complex to preclude
simple application of DNA barcoding. The threat

568

of interspecific hybrids and the continuous
introgression of genes between hybridizing taxa
do not make a clear distinction necessary for
barcoding. A recent example is the study of
hybrid zones (Komarova & Lavrenchenko, 2022;
Martin & Jiggins, 2017). Hence, the current
challenge is not only the detection of the hybrids
themselves, but also their dynamics with respect
to introgression, for which advanced analytical
tools and interpretations are warranted. To
overcome this drawback, more advanced
machine-learning algorithms can be used. Kim et
al. achieved 95% accuracy in species assignment
when applied to barcode data for hybridizing fish
species (S. Kim, Eo, Koo, Choi, & Kim, 2010).
Database Limitations and Quality Issues

The efficiency of DNA barcoding strictly
depends on the details and reliability of the
reference databases. Incompleteness or bias in
favor of certain taxonomic groups within a
database poses a challenge. This underlines the
urgency for constant maintenance and
improvement of libraries (Antil et al., 2023; Fan,
Hui, Yu, & Chu, 2014). An example was
provided by Miller et al. The inaccuracies
introduced by misidentifications and outdated
taxonomies in databases are full of errors. This
requires incredible vigilance and constant
improvement. Analysis of the Barcode of Life
Data System revealed taxonomic biases and
over- or under-representation of some groups
(Jin, Kim, Kim, & Park, 2020). Along this line,
initiatives such as the Earth BioGenome Project
have been proposed for sequencing eukaryotic
biodiversity. On the other hand, it has been
reported that a machine learning approach that
flags barcode database misidentifications
increases the data quality (Lewin et al., 2022;
Lewin et al., 2018).
Ethical Considerations in DNA Barcoding

In its quest to become a mainstream tool,
DNA barcoding has become increasingly
entangled with a myriad of ethical issues. The
misuse of genetic information raises privacy
concerns, particularly in forensic applications.
Jones and Salter conducted a study on ethics
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related to DNA barcoding in 2018, focusing
mainly on informed consent, ownership of data,
and questions related to responsible use (Antil et
al., 2023). For scientific development to be
balanced by ethical principles, ensuring public
trust and responsible deployment is imperative.
The International Barcode of Life (iBOL) made
institutionalized guidelines for ethical sample
collection and data sharing. Further discussion is
needed to address these rising DNA barcoding
challenges to its ethical conduct, such as its use
in environmental monitoring and possible
concerns for indigenous rights (Anisha David, J.
Deepa Arul Priya, & Akash Gautam, 2024;
Rodger Gwiazdowski, 2024; Ma, 2015;
Ratnasingham, Wei, Chan, Agda, Agda,
Ballesteros-Mejia, Boutou, El Bastami, Ma, &
Manjunath, 2024; Vernooy, Haribabu, Ruiz
Muller, Vogel, & Hebert, 2010).

Opinion and Insights:

Challenges in DNA barcoding underscore the
dynamic nature of molecular taxonomic
development.  Although significant, these
challenges offer opportunities for innovative
improvement. The future appears promising for
international collaborations aimed at addressing
critical shortcomings in databases aligned with
emerging sequencing technologies. It is crucial
to adopt a holistic approach that fully integrates
molecular data with morphological and
ecological information to ensure that the
complexities of DNA barcoding meaningfully
contribute to the biological understanding (De-
Kayne et al., 2021; Joly et al., 2014; Wang et al.,
2024).

Several key steps are required to overcome
these challenges associated with DNA
barcoding. These include  addressing
intraspecific and intragenomic variations to
enhance resolution, developing robust analytical
tools for hybridization studies, and improving
database quality and coverage while adhering to
ethical standards for data use and interpretation
(Chac & Thinh, 2023). By addressing these
challenges, DNA barcoding can continue to
evolve into a valuable tool for species
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identification and biodiversity research. Ongoing
discussions  on intraspecific  variations,
hybridization dynamics, database limitations,
and ethical considerations must further enrich
scientific discourse, moving the field towards
more robust and reliable applications (Mir et al.,
2021; Rodriques et al., 2019).

As highlighted in the review of the potential of
DNA barcoding, this dialectic between
challenges and advancements propels the
scientific community toward a more nuanced and
comprehensive understanding of the biological
world.  Continuous refinement of DNA
barcoding techniques and methodologies
promises to unlock new insights into biodiversity
and ecological relationships, ultimately
contributing to more effective conservation
strategies and environmental management
practices (Bolotin et al., 2015; Stuart, Srivastava,
Madad, Lareau, & Satija, 2021).

5. Integration with Other Technologies

Metabarcoding and Environmental DNA
(eDNA):
A crucial advancement in biodiversity

exploration and monitoring is the synergy
between DNA barcoding, metabarcoding, and
environmental DNA (eDNA) technologies
(Carvalho et al., 2024). Metabarcoding, first
introduced by Valentini et al. in 2006 (Valentini
etal., 2016) and further developed by Taberlet et
al. in 2018, has significantly expanded the scope
of DNA barcoding. This technique enables
parallel sequencing of numerous DNA fragments
from environmental samples using current
microbial tagging systems. This approach not
only enhances species identification but also
provides a comprehensive view of the entire
ecosystem (Taberlet, Coissac, Pompanon,
Brochmann, & Willerslev, 2012).

The integration of eDNA further expands
research possibilities by allowing species
detection without direct observation as shown in
Table 2. This development has revolutionized
ecological studies and environmental monitoring
practices. By combining these technologies,
researchers can gain deeper insights into
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biodiversity and ecosystem dynamics, leading to
more effective conservation strategies and
environmental management

(Carvalho et al., 2024; Lefrancois, Labeille,
Marques, Robert, & Valentini, 2024; Martinelli

Marin, Lasso Alcala, & Caballero, 2024).

Table 3. Summary of Metabarcoding and eDNA Analysis: Applications, Advantages,
andChallenges

Aspect Description Applications Advantages Challenges References
Definition and Metabarcoding - Biodiversity monitoring - Simultaneous - Variability in (Hatzenbuhler,
Overview involves high- in ecosystems identification eDNApersistence Kelly et al.
throughput sequencing - Assessing ofmultiple and degradation rates 2017, Rios-
of genetic markers to communitystructures species - Potential contamination | Castro,
identify multiple in aquatic - High sensitivity during sample collection Romero et al.
species within a environments indetecting rare or and processing 2021, Jiang,
sample - Studying elusive species Lusana et al.
simultaneously. microbialdiversity - Non-invasive 2022)
Environmental DNA in soil monitoring of
(eDNA) refers to - Detecting invasive ecosystems
genetic material species in natural habitats
extracted from
environmental samples
like soil or water.
Applications Metabarcoding and - Assessing changes in - Comprehensive - Standardization
for eDNA are pivotal in species richness and insight into challenges in data (Bengetal.,
Biodiversity monltqrmgbvaréq ity iny| @bundance over time biodiversity analysis and 2016;
Monitoring assessing DIOGIVETSILY IN | y6nitoring rare or dynamics interpretation Hatzenbuhler et
various ecosystems. The : : al., 2017)
techniques offer a endang_ere_,\d species - Ear!y dgtectlon
comprehensive - Identifying cryptic or of shifts in
understanding of species| hard-to-detect species ecosystem health
composition and - Efficient monitoring of
distribution. elusive or rare species
Agquatic Metabarcoding and - Assessing fish and - Efficient detection of fish| - Challenges in (Kelly, Port,
Ecosystem eDNA are extensively  lamphibian diversity in rivers [and amphibian species distinguishing Yamahara,
Studies empltqyed n st:delng and lakes without physical capture eDNA from & Crowder,
a‘r]g\?i:j?rfcgsr{;rf-ms’ - Detecting the presence of - Early detection different 2014; Sahu,
ipnvasivegapproach to  [aquatic pathogens of aquatic organisms in Kumar,
monitoring aquatic - Monitoring changes diseases through complex aquatic Singh, &
biodiversity. in microbial microbial environments Singh, 2023)
communities community
analysis
Soil Microbial Metabarcoding - Understanding the role of |- High-throughput analysis| - Challenges in (Frindte,
Diversity techniques are employedimicrobes in nutrient cycling |of diverse soil microbial accurately Pape,
qu study W'Cfo.?'a' - Assessing the impact of  [communities quantifying Werner,
Iversity in soi land use on soil microbial - Detection of rare or microbial Loffler, &
ecosystems. eDNA o L mi ial . bund d Knief. 2019:
analysis provides communities ovel microbial taxa in abundance an nief, 2019;
insights into the - Studying the effects of soil diversity from Lombard,
complex microbial climate change on soil eDNA samples Prestat, van
communities present in |biodiversity Elsas, &
soil. Simonet,
2011)
Detection of Metabarcoding and - Identifying invasive plant |- Early detection of - Challenges in (Evangelista
Invasive eDNA analysis are land animal species in invasive species before distinguishing , Stohlgren,
Species gruua_l n thz early terrestrial and aquatic significant ecological eDNA from Morisette, &
etection and . environments impact native and Kumar,
monitoring of invasive . o ] : . .
species in natural - Monitoring the spread of |- Monitoring the invasive species 2009,_ Piper,
habitats. invasive species in effectiveness of invasive in diverse Cunningham
ecosystems species management ecosystems , Cogan, &
strategies Blacket,
2022)
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Advancements Continuous - Implementation of high- |- Increased speed and cost-|{ - Rapid changes (Dully et al.,
in Technology technological _ [throughput sequencing effectiveness of DNA in technology 2021;
advancements contribute platforms sequencing may lead to Ngrgaard et
to the effectiveness of 'y | ) t of | Enhanced d | challenges in al., 2021)
metabarcoding and [evelopment 0 nhanced accuracy an ges Ir "
eDNA analysis. bioinformatics tools for data [resolution in species standardization
analysis identification and compatibility
- Integration of eDNA
imetabarcoding with other
omics approaches
Data Standardization of data |- Developing standardized |- Facilitates cross-study - Challenges in (Pascher,
Standardization analysis methods and  |protocols for eDNA sample  [comparisons and meta- achieving global Svara, &
and integration with other |;5jjection and processing  [analyses standardization Jungmeier,
Integration ecological data énNance | egrating eDNA data with - Enhances the due to varied 2022; Perry
applicabilityyof environmental metadata for |reproducibility and envir_o_nmental etal., 2024)
metabarcoding and comprehensive ecological eliability of results conditions
eDNA studies. assessments

Integration with Geographic Information
Systems (GIS):

The incorporation of DNA barcoding into
Geographic Information Systems (GIS)
represents one of the latest frontiers in spatial
analysis for biodiversity research (Afifi,
Azab, Ali, Ghazy, & EIl-Tabakh, 2024;
Candek & Kuntner, 2015; Moser et al., 2014).
Overlaying genetic data with geographical
information provides a more comprehensive
and sensitive  description  of  species
distributions and migration
patterns. This integration has proven to be
effective in nature, allowing for improved
predictive modelling and
conservation planning. Consequently,
ecological studies and conservation measures
benefit from the integration of spatial and
genetic datato derive more accurate and
informed decisions (Bruni et al., 2015;
Conflitti, Pruess, Cywinska, Powers, &
Currie, 2013; Kartavtsev, 2018; Marco-
Herrero, Cuesta, & Gonzalez-Gordillo, 2021).
Synergy with Traditional Taxonomic
Approaches

It would be counterproductive if DNA
barcoding and traditional methodologies did
not complement each other to maximize their
joint potential for exploring biodiversity (Ellis
et al.,, 2020). An integrative taxonomic
approach combining molecular data with
morphological and ecological characteristics
has been proposed. This integrative method
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not only addresses the limitations of DNA
barcoding alone but also provides a more
accurate  representation of  species
diversity. The combined use of these
techniques is particularly important when
genetic  characteristics  alone  are
insufficient, highlighting the need for a
comprehensive  taxonomic  approach
(Mamat, Abu, & Yusoff, 2021; Song et al.,
2020; B. Yang et al., 2022).

Opinion and Insights:

The integration of DNA barcoding
with other modern technologies has
changed the way biodiversity is
researched. Metabarcoding and eDNA
techniques have expanded our
understanding of individual specimens to
examine the entire ecosystem. Matching
DNA barcode data with GIS improves
spatial understanding of biodiversity,
which is crucial for developing effective
conservation strategies.  Collaboration
with traditional taxonomic approaches
provided a more balanced approach.

The value of DNA barcoding stems
from its  integration into  other
technologies. This creates a
comprehensive view of biological systems.
As these methodologies develop, they
reveal further aspects of biodiversity,
highlighting the dynamic and connected
nature of the biological world.
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6. Future Directions: Improvements

in Sequencing Technologies

DNA barcoding benefits from progress in
sequencing technologies. Next-generation
sequencing and the emerging third-generation
methods are more efficient and accurate.
Kumar et al. used Oxford Nanopore MinlON
platform to generate long reads (>100 kb)
with 99.9% accuracy, which could resolve
issues of intraspecific variation in barcoding
(Kumar, Cowley, & Davis, 2019; Kumar,
Davis, etal., 2019; Kumar et al., 2016). These
improvements lead to faster, more accurate,
and lower-cost sequencing, expanding the
scope of molecular taxonomy
Exploration of Novel Marker Genes

The ideal barcode regions remain elusive,
and studies have explored alternatives to the
standard COIl gene. Several studies have
tested the ITS2 region as a plant barcode and
found that it offers superior resolution for
some groups compared to standard markers
(Alsos et al., 2020; Fazekas, Kuzmina,
Newmaster, & Hollingsworth, 2012; Jones et
al., 2021). In recent years, multigene
approaches have become increasingly
popular. Liu et al. developed a three-gene
barcode for land plants, using rbcL, matK,
and ITS, achieving 95% success in species
identification across diverse taxa (J. Z. Liu,
Erlich, & Pickrell, 2017).
Integration of Machine Learning in Data
Analysis

Additionally, machine learning
algorithms can be used to analyze complex
DNA barcoding datasets.  convolutional
neural networks for species classification
based on COI sequences from fish samples,
achieving a classification accuracy of 99.5%
across more than 7,000 species (Yu et al.,
2021). These approaches make barcoding
more precise and help interpret genetic
information. Furthermore, a deep learning
model identifies species based on
metabarcoding data, which is much faster
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than the conventional methods (Sohsah,
Ibrahimzada, Ayaz, & Cakmak, 2020;
Yang, Wu, Chuang, & Chang, 2022).
Global Collaboration and
Standardization

International cooperation can also
improve DNA barcoding. For example,
the International Barcode of Life (iBOL)
consortium started in 2010. Their
BIOSCAN project, launched in 2019, aims
to barcode 2 million species by 2026
(Hobern, 2021). These initiatives aim to
address challenges in database quality,
marker selection, and methodological
standardization.

Another key collaborative effort was
the Earth BioGenome Project announced
in 2018. This project aims to sequence and
catalog all known eukaryotic species
within ten years, which will provide
invaluable data for barcoding efforts
(Lewin et al., 2022; Lewin et al., 2018).

We believe that the future of DNA
barcoding will depend on combining
technological, methodological, and global
collaborative processes. Second-
generation sequencing technologies and
novel marker genes can improve the
accuracy and speed of  species
identification, whereas the integration of
machine learning may significantly
improve data analysis. International
initiatives can promote standardization and
global biodiversity coverage.

However, these challenges will persist
in the future. Ethical issues related to data
ownership and access should also be
considered. It has been reported that global
barcoding projects must address questions
of equitable benefit-sharing for genetic
resources from regions rich in biodiversity,
but poor in economic capacity ("A DNA
barcode for land plants,” 2009; Seberg &
Petersen, 2009).

DNA barcoding is becoming an
increasingly  critical component  of
biodiversity research, conservation, and
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understanding the genetic diversity of life.
Success in this field requires balanced
technological ~ progress  with  ethical
considerations and a globally collaborative
approach to understanding the planet's
biodiversity (A. David et al., 2024; 1. S. Kim,
2023; Shumskaya, 2024).

7. Conclusions

DNA barcoding presents substantial
opportunities. It has several applications,
challenges, and possibilities for its
integration. Researchers have used this
method for species identification,
conservation,  forensic  science, and
agriculture. Its integration includes
metabarcoding, GIS, and traditional
taxonomies. This broadens the scope and adds
depth to biodiversity studies. DNA barcoding
advances molecular taxonomy by revealing
the nature of the variation in species. It faces
challenges such as hybridization, database
limitations, and ethical concerns. These issues
present new opportunities for innovation;
combining DNA barcoding with advances in
sequencing, the identification of novel marker
genes, and machine learning can improve
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